1. Introduction {#sec1-molecules-24-01879}
===============

The emergence and spread of antibiotic-resistant bacterial strains is a growing concern for modern healthcare \[[@B1-molecules-24-01879],[@B2-molecules-24-01879]\]. The most prominent pathogens with a high prevalence of antibiotic-resistant strains have been included into the so-called ESKAPE group \[[@B3-molecules-24-01879]\] that consists of *Enterococcus* species resistant to vancomycin \[[@B4-molecules-24-01879]\], methicillin-resistant *Staphylococcus aureus* \[[@B5-molecules-24-01879]\], *Klebsiella pneumoniae*, *Acinetobacter baumanii*, *Pseudomonas aeruginosa*, and *Enterobacter* spp. overexpressing β-lactamases and efflux pumps \[[@B6-molecules-24-01879],[@B7-molecules-24-01879]\]. While novel antibiotics are urgently needed to combat drug-resistant bacteria, creating an ideal antibiotic is a challenging task \[[@B1-molecules-24-01879],[@B2-molecules-24-01879],[@B8-molecules-24-01879]\]. Many different approaches have been followed so far, including β-lactamase inhibitors, efflux pumps inhibitors \[[@B9-molecules-24-01879],[@B10-molecules-24-01879],[@B11-molecules-24-01879]\], antivirulence compounds that block virulence factors instead of killing bacteria \[[@B12-molecules-24-01879]\], novel modifications of traditional antibiotics, antimicrobial peptides, quorum sensing inhibitors, and others \[[@B11-molecules-24-01879]\]. Among other options, antibacterial lysins have gained increased attention. These enzymes cleave peptidoglycan in the bacterial cell wall, which leads to osmotic lysis and death of bacterial cells. Antibacterial lysins possess a number of important advantages over traditional antibiotics, such as high potency, rapid action, the lower propensity for resistance development and the ability to eradicate biofilms \[[@B13-molecules-24-01879],[@B14-molecules-24-01879]\]. Importantly, most lysins consist of one or more catalytic domains, and one or more peptidoglycan-binding domains. Combining catalytic and peptidoglycan-binding domains from different lysins can help create chimeric lysins with specificity towards different bacterial species \[[@B15-molecules-24-01879]\]. Recently, the safety of two anti-staphylococcal lysins, SAL-1 and CF-301, upon systemic administration was studied in phase I clinical trials. Both lysins were given by intravenous infusions in doses ranging from 0.1 to 10 mg/kg (SAL-1) and 0.04 to 0.4 mg/kg (CF-301), and only mild and transient adverse effects were reported \[[@B16-molecules-24-01879],[@B17-molecules-24-01879]\].

A significant drawback of antibacterial lysins is their rapid elimination from systemic circulation. This fast elimination is characteristic of relatively small therapeutic proteins, and is caused by the active excretion through the kidneys \[[@B18-molecules-24-01879]\]. The estimated serum half-life of anti-staphylococcal lysin lysostaphin in mice was less than 1 h \[[@B19-molecules-24-01879]\], and the half-life times of anti-pneumococcal lysins Cpl-1 and LytA were measured to be 20.5 and 22.5 min, respectively \[[@B20-molecules-24-01879],[@B21-molecules-24-01879]\]. In humans, a similar elimination rate was observed for SAL-1 (half-life between 0.04 and 0.38 h), although lysins P128 and CF-301 were cleared from the circulation appreciably slower, with half-lives of \~5 h and 11.3 h, respectively \[[@B22-molecules-24-01879]\]. The fast elimination rate of antibacterial lysins leads to the need of multiple administrations and/or larger doses of the protein to achieve bacterial eradication \[[@B23-molecules-24-01879],[@B24-molecules-24-01879]\]. Thus, it would be desirable to create lysin variants with increased residence time in the systemic circulation.

The most common technique of improving the pharmacokinetic parameters of therapeutic proteins is the conjugation with polyethylene glycol (PEGylation) \[[@B25-molecules-24-01879]\]. Recently, however, concerns about the safety of PEGylated pharmaceuticals have been raised. Anti-PEG antibodies and hypersensitivity reactions to PEG have been reported, along with cell vacuolation and PEG accumulation in different tissues \[[@B26-molecules-24-01879]\]. More importantly, the bulky PEG chain often negatively influences the specific activity of the protein of interest. This negative effect of PEGylation was demonstrated for antibacterial lysins as well \[[@B19-molecules-24-01879],[@B27-molecules-24-01879]\]. Conjugation of lysostaphin with 40 kDa branched PEG resulted in the increase of serum half-life from less than 1 h for unmodified lysostaphin to 24 h. However, conjugation of more than one PEG chain greatly reduced the lysostaphin antibacterial activity \[[@B19-molecules-24-01879]\]. Similarly, PEGylation of anti-pneumococcal lysin Cpl-1 by a single PEG chain completely abolished the bacteriolytic activity of the enzyme, regardless of the PEG chain size \[[@B27-molecules-24-01879]\].

PEGylation decreases the elimination rate by increasing the hydrodynamic volume of the protein and limiting the efficacy of kidney filtration. An alternative approach to increasing the hydrodynamic volume of a protein is multimerization. This strategy was successfully applied to various proteins, including many antibodies, erythropoietin, thrombopoietin-mimetic peptide, extracellular domains of IL-1 and VEGF receptors, recombinant factors IX and VIII \[[@B28-molecules-24-01879],[@B29-molecules-24-01879],[@B30-molecules-24-01879]\], as well as antibacterial lysins. In the work of Resch et al. \[[@B31-molecules-24-01879]\], a cysteine residue was introduced into the C-terminal region of Cpl-1 lysin to allow the disulfide bond formation between two protein molecules. This modification did not influence the activity of the lysin, but led to a ten-fold decrease in the clearance rate from murine plasma. Interestingly, when the cysteine residue was placed in positions other than the C-terminus, dimerization abolished the Cpl-1 antibacterial activity. The authors speculate that Cpl-1 naturally forms homodimers upon interaction with the bacterial cell, and this dimerization is mediated by a 10 amino acid stretch at the lysin C-terminus. If this is the case, the disulfide-linked Cpl-1 dimer mimics the natural form of this protein.

In this work, we created a dimerized version of lysostaphin, another antibacterial lysin, by fusing genes coding for lysostaphin and an antiparallel α-helical dimerization domain, and investigated the influence of dimerization on its pharmacokinetic properties and bacteriolytic activity. Dimerization indeed prolonged the residence time of lysostaphin in the systemic circulation, but considerably diminished its bacteriolytic activity. We thus conclude that dimerization cannot be considered a universal strategy for improving the pharmacokinetic characteristics of antibacterial lysins.

2. Results and Discussion {#sec2-molecules-24-01879}
=========================

2.1. Creation of a Dimerized Version of Lysostaphin {#sec2dot1-molecules-24-01879}
---------------------------------------------------

We have chosen lysostaphin as one of the most active and well-studied antibacterial enzymes. Lysostaphin is a protease produced by *Staphylococcus simulans* that cleaves pentaglycine cross-bridges in the *Staphylococcus aureus* peptidoglycan \[[@B32-molecules-24-01879]\]. Similarly to many other antibacterial lysins, lysostaphin contains an N-terminal catalytic domain and a C-terminal peptidoglycan binding domain. Unlike Cpl-1, lysostaphin was not shown to dimerize or require dimerization for activity. Thus, it is interesting to measure the effect of dimerization on lysostaphin activity and pharmacokinetics. We constructed a recombinant fusion protein consisting of lysostaphin and a homodimerization domain connected by a glycine-serine spacer ([Figure 1](#molecules-24-01879-f001){ref-type="fig"}). This protein is further referred to as Lst-HDD. The dimerization domain used in this study is a 44 amino acids long α-helix designed to form dimers in an antiparallel orientation \[[@B33-molecules-24-01879]\].

Recombinant lysostaphin and Lst-HDD were produced in *Escherichia coli* and purified by ion-exchange chromatography to apparent homogeneity ([Figure 2](#molecules-24-01879-f002){ref-type="fig"}A). The sequence of purified Lst-HDD corresponded to the theoretical sequence, which was confirmed by mass spectrometry analysis of protein fragments after trypsinolysis.

2.2. Lst-HDD Predominantly Exists as A Dimer {#sec2dot2-molecules-24-01879}
--------------------------------------------

To test the ability of Lst-HDD to form dimers in the solution, we performed size exclusion chromatography (SEC) ([Figure 2](#molecules-24-01879-f002){ref-type="fig"}). SEC demonstrated that 75 ± 2.2% of the protein eluted in the volume corresponding to the relative molecular mass of 45 kDa, 18 ± 2.5% eluted in the 29 kDa region and a small portion of impurities eluted as \~16 kDa. The first two peaks likely correspond to the dimeric and monomeric species of Lst-HDD, respectively. Although their calculated molecular masses are \~70 and \~35 kDa, the difference can probably be attributed to the supposedly elongated shape of Lst-HDD causing it to elute faster than globular proteins of respective molecular weight. Thus, Lst-HDD was indeed able to dimerize, although not all molecules formed dimers. However, the mobile phase in the size exclusion chromatography experiments contained 0.5 M NaCl. The high concentration of salt weakens electrostatic interactions. Since electrostatic interactions play a significant role in the dimerization of the selected dimerization domain \[[@B33-molecules-24-01879]\], a higher proportion of dimerized Lst-HDD molecules are expected under low-salt conditions. Alternatively, the reason for incomplete dimerization of Lst-HDD could be the improper folding of a part of the molecules.

2.3. Bacteriolytic But Not the Catalytic Activity of Lysostaphin Is Affected by Dimerization {#sec2dot3-molecules-24-01879}
--------------------------------------------------------------------------------------------

Unlike lysostaphin that was synthesized in soluble form, the Lst-HDD protein was purified from inclusion bodies. To see if the enzymatic activity of the protein was affected by the purification procedure and/or by the addition of the dimerization domain, we tested the ability of both Lst-HDD and lysostaphin to hydrolyze pentaglycine peptide. The enzyme solutions were mixed with pentaglycine and incubated at 37 °C. The extent of pentaglycine hydrolysis was estimated spectrophotometrically after the reaction with ninhydrin. Ninhydrin reacts with amines with the formation of a colored product, and the amount of free amino groups in the solution doubles upon the hydrolysis of pentaglycine into di- and triglycine, increasing the color intensity after ninhydrin treatment. Both proteins hydrolyzed pentaglycine with identical efficacy. The optical density increased at the rate of 0.013 ± 0.004 h^−1^ with 1 µM Lst and 0.013 ± 0.002 h^−1^ with 1 µM of Lst-HDD. Thus, the purification of Lst-HDD from inclusion bodies yielded protein with intact catalytic activity.

Next, we compared the antibacterial activity of Lst-HDD and lysostaphin. Minimum inhibitory concentration (MIC) of Lst-HDD towards *S. aureus* ATCC 29,213 was 3.2 µg/mL. While this value is in the range of MICs of several antibiotics \[[@B34-molecules-24-01879]\], it is 32 times higher than the MIC of lysostaphin against the same strain in our experiments---0.1 µg/mL. Thus, dimerization reduced the antibacterial activity of lysostaphin to a considerable extent.

The staphylolytic activities of Lst-HDD and lysostaphin were further compared by monitoring the reduction of the turbidity of staphylococcal cell suspension ([Figure 3](#molecules-24-01879-f003){ref-type="fig"}). We measured the time required to reduce the turbidity of the cell suspension by half by different concentrations of the enzymes and then adjusted it to 50 nM for each protein to allow direct comparison. In this experiment, Lst-HDD demonstrated decreased activity compared to lysostaphin, although the difference was not as dramatic as in the case of MIC. Lysostaphin decreased the turbidity of the suspension by half in 8.4 ± 0.9 min, while Lst-HDD needed 19.8 ± 1.5 min to achieve the same result. More importantly, the shape of Lst-HDD turbidity curves was very different from that of lysostaphin and was characterized by a fast initial decrease in the turbidity that slowed down noticeably as the reaction progressed ([Figure 3](#molecules-24-01879-f003){ref-type="fig"}B). The effect was most prominent at higher enzyme concentrations.

Thus, dimerization of lysostaphin had no effect on its catalytic efficacy but decreased its staphylolytic activity, which was evident from both MIC and turbidity measurements. Apparently, dimerization negatively affected the interaction of Lst-HDD with *S. aureus* cell wall peptidoglycan. This could probably be explained by the slower penetration of Lst-HDD into deep peptidoglycan layers, which would limit the action of the enzyme to the outer region of the cell wall and decrease the cell lysis efficacy. On the other hand, the presence of the dimerization domain could reduce the ability of lysostaphin to bind the peptidoglycan due to the introduced steric hindrance, as it was observed for PEGylated lysostaphin \[[@B19-molecules-24-01879]\]. However, neither of these hypotheses explains the fast lysis of *S. aureus* cells by Lst-HDD at the early stages of the reaction ([Figure 3](#molecules-24-01879-f003){ref-type="fig"}B). It is conceivable that lysostaphin binds the peptidoglycan very tightly and only slowly disengages from the cell wall debris after the cell lysis. This would deplete the enzyme as the reaction progresses and slow down the lysis of the remaining cells. Some *Listeria* lysins were shown to bind the cell wall with high affinity and proposed to be such "one-use" enzymes \[[@B13-molecules-24-01879]\]. Since Lst-HDD dimer has two peptidoglycan-binding domains, it should bind the peptidoglycan tighter, which might lead to enhanced binding rate in the beginning, faster enzyme depletion and slower lysis at the later stages of the reaction. Recently, the lysostaphin peptidoglycan-binding domain was shown to bind staphylococcal cells with a moderate affinity of 1--2 µM \[[@B35-molecules-24-01879]\]. However, this value was measured for the peptidoglycan-binding domain with GFP fused to its C-terminus, which might affect its interaction with the peptidoglycan. Interestingly, when Cpl-1 lysin was dimerized tail-to-tail by a C-terminal disulfide bridge, its antibacterial activity was unaffected \[[@B31-molecules-24-01879]\]. However, Cpl-1 is thought to naturally dimerize upon binding to the peptidoglycan \[[@B31-molecules-24-01879]\]. On the contrary, lysostaphin normally acts in monomeric form. This difference might explain the decrease in lysostaphin activity upon dimerization.

2.4. Dimerization Improves the Pharmacokinetic Characteristics of Lysostaphin {#sec2dot4-molecules-24-01879}
-----------------------------------------------------------------------------

Finally, we tested if dimerization of lysostaphin increased its residence time in the systemic circulation. The rats received bolus intravenous injections of 500 µg of lysostaphin or Lst-HDD and the residual concentrations of the enzymes in plasma were measured using ELISA ([Figure 4](#molecules-24-01879-f004){ref-type="fig"}). Lysostaphin was quickly eliminated from rat plasma with a terminal half-life of 1.5 ± 0.7 h, similarly to what was previously described \[[@B19-molecules-24-01879]\]. The terminal half-life of Lst-HDD increased compared to lysostaphin and amounted to 3.1 ± 0.6 h (*p* = 0.01). Similarly, the area under the curve (AUC) of Lst-HDD was greater than AUC of lysostaphin (9.1 ± 2.8 mg h/L vs. 3.5 ± 2.4 mg\*h/L, respectively, *p* = 0.02). This difference was smaller than the tenfold difference in the AUC achieved by the dimerization of Cpl-1 \[[@B31-molecules-24-01879]\]. The theoretically calculated concentration of the proteins in plasma after the injection was \~50 µg/mL. However, there was only 2.8 ± 0.2 µg/mL of lysostaphin and 1.6 ± 0.1 µg/mL of Lst-HDD left at the first sampling time point 25 min post-injection. Thus, \~95% of both lysostaphin and Lst-HDD appeared to have been eliminated by the time of the first blood sampling. Apparently, the elimination of lysostaphin and Lst-HDD follows a biphasic pattern, with quick elimination of the protein right after the injection that is slowed down after 30--45 min. A similar pattern was observed earlier for lysostaphin and Cpl-1 lysin \[[@B19-molecules-24-01879],[@B31-molecules-24-01879]\]. Interestingly, although both the covalent dimerization of Cpl-1 and non-covalent dimerization of lysostaphin exerted a beneficial effect on the pharmacokinetic characteristics of the proteins, this effect appears to be caused by different factors. Covalent dimerization of Cpl-1 slowed down the elimination right after the injection, but did not seem to affect the terminal half-life (see [Figure 4](#molecules-24-01879-f004){ref-type="fig"} in \[[@B31-molecules-24-01879]\]). On the contrary, non-covalently dimerized Lst-HDD was cleared at the same rate or even faster than monomeric lysostaphin in the beginning but had the increased half-life in the terminal elimination phase. The cause for this discrepancy is unclear. It can be caused by the covalent vs. non-covalent nature of Cpl-1 and lysostaphin dimers. However, a more probable explanation is the difference in the net charge between Cpl-1 and lysostaphin. Lysostaphin and Lst-HDD are highly positively charged molecules; Lst-HDD has a net positive charge of +21. On the contrary, Cpl-1 carries a net negative charge of --16. The glomerular filter is negatively charged and known to excrete positively charged molecules more efficiently \[[@B36-molecules-24-01879]\]. When Cpl-1 is dimerized, the increase in molecular weight and the net negative charge both lead to the less efficient glomerular filtration. However, when lysostaphin is dimerized, the increase in molecular weight that prevents glomerular filtration is accompanied by the increase in the net positive charge, which stimulates the filtration. The interplay between these two opposing effects might result in the observed pharmacokinetic curve of Lst-HDD. On the other hand, one cannot exclude the possibility that Lst-HDD non-specifically interacts with coiled-coil proteins in blood or tissues through its α-helical dimerization domain, which might further complicate the elimination profile of Lst-HDD.

3. Materials and Methods {#sec3-molecules-24-01879}
========================

3.1. Cloning, Expression, and Purification {#sec3dot1-molecules-24-01879}
------------------------------------------

The pQE6-based plasmid pL330 coding for recombinant lysostaphin was obtained previously \[[@B37-molecules-24-01879]\]. DNA fragment coding for the full sequence of Lst-HDD flanked by NcoI and Kpn2I restriction sites was synthesized by Evrogen (Evrogen JSC, Moscow, Russia) and cloned into pQE6 plasmid resulting in plasmid pL473. The plasmids were transformed into *E. coli* M15 for protein production.

Lysostaphin was produced and purified essentially as described before \[[@B23-molecules-24-01879]\]. Briefly, the *E. coli* strain M15 carrying pL330 plasmid was grown in 500 mL flasks containing 200 mL LB medium (5 g/L yeast extract, 10 g/L tryptone, and 10 g/L NaCl) supplemented with 25 mg/L kanamycin and 150 mg/L ampicillin at 37 °C and 180 rpm. When the optical density (OD) reached 1.0, the recombinant protein expression was induced by the addition of IPTG to the final concentration of 0.5 mM, and the culture was further incubated for 3 h. The cells were harvested by centrifugation at 11,285× *g* and 4 °C for 10 min. The cells were resuspended in lysis buffer (10 mM Tris-HCl, pH 7.5, with 50 mM NaCl and 50 µg/mL lysozyme \[AppliChem Panreac, Darmstadt/Barcelona, Germany/Spain\]) and sonicated for 2 min on ice (5 s pulses with 3 s intervals, amplitude 60%; Bandelin Sonopuls HD3200, Bandelin Electronic, Berlin, Germany). The suspension was centrifuged for 35 min at 10,000× *g* and 4 °C, and the supernatant was used for protein purification. The supernatant was loaded onto a WorkBeads 40S cation exchange column (Bio-Works Technologies, Uppsala, Sweden) equilibrated with 10 mM Tris-HCl buffer, pH 7.5, with 50 mM NaCl. The column was washed with 20 column volumes of the same buffer and lysostaphin was eluted with a NaCl gradient from 50 to 500 mM in 10 mM Tris-HCl, pH 7.5 in 5 column volumes.

Lst-HDD was produced following the same procedure as for lysostaphin. However, since Lst-HDD was almost exclusively found in inclusion bodies, the purification procedure had to be modified. The pellet obtained after the lysed biomass centrifugation was washed twice with the water solution of 1 M urea, 1% Triton X100, and 500 mM NaCl. The pellet was dissolved in the 10 mM Tris-HCl buffer, pH 7.5, containing 8 M urea and 50 mM NaCl, clarified by centrifugation at 16,400× *g* and 4 °C for 20 min and loaded onto WorkBeads 40S column equilibrated with the same buffer. The column was washed with 20 column volumes of the same buffer and 10 column volumes of the buffer containing 10 mM Tris-HCl and 50 mM NaCl, pH 7.5, to remove urea. Lst-HDD was eluted with a NaCl gradient from 50 to 700 mM in 10 mM Tris-HCl, pH 7.5 in 5 column volumes. Eluted protein fractions were pooled, precipitated by 50% saturated ammonium sulfate, and centrifuged. The pellet was dissolved in distilled water, dialyzed against distilled water to remove ammonium sulfate and centrifuged at 16,400× *g* and 4 °C for 20 min to remove undissolved protein aggregates. The obtained supernatants were aliquoted and stored at −70 °C.

To assess the purity of lysostaphin and Lst-HDD they were subjected to Laemmli SDS-PAGE in 15% polyacrylamide gel. Before electrophoresis, the protein samples were mixed with the reducing Laemmli sample buffer with DTT and heated at 95° for 5 min. The Precision Plus Protein™ Dual Color Standards (Bio-Rad Laboratories Inc, Hercules, CA, USA) molecular weight standards were used. The gel was stained with Coomassie Brilliant Blue and imaged using GelDoc XR+ gel documentation system (Bio-Rad Laboratories Inc, Hercules, CA, USA).

The protein concentrations were determined using BCA microplate assay (Applichem Panreac, Darmstadt/Barcelona, Germany/Spain) with bovine serum albumin (BSA) (Sigma-Aldrich, St. Louis, MO, USA) as a standard.

Mass-spectrometry analysis of Lst-HDD was performed on the protein band excised from SDS-PAGE gel. In-gel digestion was performed according to Shevchenko et al. \[[@B38-molecules-24-01879]\] with minor modifications. Briefly, the excised protein band was reduced with DTT, alkylated by iodoacetamide and treated with trypsin. To extract the peptides from the gel the specimen was first sonicated for 15 min in extraction buffer 1 (50% acetonitrile, 5% formic acid in MilliQ water), then in extraction buffer 2 (90% acetonitrile, 5% formic acid in MilliQ water) using an ultrasonic bath (Bandeline Sonorex, Bandeline electronics, Berlin, Germany). The supernatants were collected, merged, dried under vacuum, and reconstituted in 0.1% formic acid.

The solution of tryptic peptides (2 µL) in 0.1% formic acid was mixed with 0.25 µL of 2.5 dihydrobenzoic acid (25 mg/mL in 30% solution of acetonitrile containing 0.5% acetic acid, *v*/*v*) on a steel target. The mixture was air dried at 23 °C. The peptides were analyzed using a time-of-flight UltrafleXtreme mass spectrometer (Bruker Daltonics, Bremen, Germany) with a MALDI source equipped with a Smartbeam laser (Nd:YAG, wavelength 355 nm, frequency 2 kHz) in a regime of detection of positive ions using a reflectron at the following settings of ionic source: 20.12 kV on the ion source IS1, 17.82 kV---on IS2, 7.46 kV---on lenses, 21.05 kV---on reflectron Ref1, and 10.80 kV---on Ref2. Ions were detected in the mass range from 700 to 5000 Th. Peaks corresponding to autolytic fragments of trypsin and keratin were used as internal standards and excluded from the list of detected masses.

3.2. Size Exclusion Chromatography {#sec3dot2-molecules-24-01879}
----------------------------------

Size exclusion chromatography was performed at room temperature on AKTA FPLC using ENrich™ 650 High-Resolution Size Exclusion Column (Bio-Rad Laboratories Inc, Hercules, CA, USA) in 50 mM Tris-HCl, 500 mM NaCl, pH 7.5 as mobile phase, at 0.35 mL/min flow rate. Lst-HDD (100 µL) was injected in a concentration of 1.64 mg/mL. The molecular weights of the Lst-HDD dimer and monomer were estimated from the power law calibration curve using bovine serum albumin (Sigma-Aldrich, St. Louis, MO, USA), lysostaphin and lysozyme (AppliChem Panreac, Darmstadt/Barcelona, Germany/Spain) as standards.

3.3. Catalytic Activity {#sec3dot3-molecules-24-01879}
-----------------------

The catalytic activity of lysostaphin and Lst-HDD was determined by the reaction with pentaglycine. Pentaglycine peptide (sc-471644A, Santa Cruz Biotechnology Inc, Dallas, TX, USA) was dissolved in formic acid at a concentration of 400 mM, diluted to 8 mM in 20 mM HEPES buffer and neutralized with sodium hydroxide to pH 7.5. Equal amounts of pentaglycine solution and 2 µM lysostaphin or Lst-HDD in 20 mM HEPES buffer, pH 7.5 were mixed, leading to the final concentrations of 4 mM pentaglycine and 1 µM enzyme. The mixture was separated into 20 µL aliquots and incubated at 37 °C. The aliquots (*n* = 3) were taken at 2--3 h intervals and frozen at −20 °C to stop the reaction. To estimate the extent of pentaglycine cleavage, the aliquots were thawed at 50 °C, mixed with 100 µL of 0.4% ninhydrin in 80% DMSO/20% water, incubated at 85 °C for 15 min and mixed with 200 µL of water. After that, 100 µL of the resulting solutions were transferred to a 96-well plate and the absorbance was measured at iMark microplate reader (Bio-Rad Laboratories Inc, Hercules, CA, USA) at 595 nm. The increase in the optical density followed a linear trend during the first 8 h of reaction, and these data were used to calculate the reaction rate. The experiment was performed three times.

3.4. Minimum Inhibitory Concentration {#sec3dot4-molecules-24-01879}
-------------------------------------

The Minimum inhibitory concentration (MIC) was measured by standard microplate dilution procedure. Fresh overnight culture of *S. aureus* ATCC 29,213 was sampled from Brain Heart Infusion agar (Sifin Diagnostics, Berlin, Germany) plate and suspended in saline to an optical density corresponding to 0.5 McFarland. The bacterial suspension was diluted 300 times in Mueller-Hinton broth (Sifin Diagnostics, Berlin, Germany) with 2% NaCl and 0.1% BSA to an approximate density of 5 × 10^5^ CFU/mL. Then 90 µL of this bacterial suspension was transferred to a 96-well plate (Costar 3599, Corning, Corning, NY, USA), followed by 10 µL of serial two-fold dilutions of lysostaphin or Lst-HDD. The plate was incubated at 37 °C and 400 rpm for 20 h in a plate shaker (PST-60 HL plus, Biosan, Riga, Latvia), and MIC was determined as the lowest dilution of the protein that resulted in the absence of visible turbidity.

3.5. Staphylolytic Activity {#sec3dot5-molecules-24-01879}
---------------------------

The staphylolytic activity of the proteins was determined by monitoring the turbidity of staphylococcal cell suspension exposed to different concentrations of lysostaphin or Lst-HDD. Fresh overnight culture of *S. aureus* ATCC 29,213 was sampled from the BHI agar plate, inoculated into Mueller-Hinton broth with 2% NaCl and incubated overnight at 37 °C and 100 rpm. After that, the bacterial culture was vigorously vortexed for 1 min, spun down at 4000 g for 5 min, resuspended in TBS (50 mM Tris-HCl, 150 mM NaCl, pH 7.5), spun down again and resuspended in TBS with 0.1% BSA. The turbidity of the suspension was adjusted to 4.0 McFarland (\~1.2 × 10^9^ CFU/mL) and 180 µL of the suspension was transferred to the wells of a 96-well plate. The plate was incubated at 37 °C and 400 rpm for 10 min, and 20 µL of various concentrations of lysostaphin or Lst-HDD were added to the wells. The turbidity of the suspension was monitored for 1 h at 37 °C with slow shaking, with measurements taken at 1 min intervals at the wavelength of 550 nm using Multiscan FC microplate reader (Thermo Fischer Scientific, Waltham, MA, USA). Measurements for each protein concentration within the experiment were performed in triplicate, and the experiment was performed three (lysostaphin) or two (Lst-HDD) times. To compare the staphylolytic activity between the proteins, the data were processed as follows. For every protein concentration, the time required to decrease the turbidity of the suspension by 50% (half-clearing time) was determined, and the relationship between the protein concentration and the half-clearing time was approximated by a power law function. This calibration curve was then used to estimate the half-clearing time for 50 nM of protein.

3.6. Anti-lysostaphin Antibody Production {#sec3dot6-molecules-24-01879}
-----------------------------------------

Lysostaphin antiserum was obtained in rabbits. Briefly, two Chinchilla rabbits were subcutaneously immunized with 150 µg lysostaphin in complete Freund adjuvant at five sites, followed by booster immunization by the same amount of lysostaphin in incomplete Freund adjuvant after the two-week interval, and three subsequent intramuscular booster injections administered at one-week intervals starting three weeks after the first booster injection. The blood was collected by ear venipuncture one week after the last booster immunization, the serum was isolated and stored at −20 °C in 50% glycerol.

Murine ascitic fluid containing anti-lysostaphin monoclonal antibodies 2F9 was obtained from the State Research Center for Applied Microbiology and Biotechnology (Obolensk, Russia), deposition number H-29 \[[@B39-molecules-24-01879]\].

The experiment was approved by N.F. Gamaleya Research Center biomedical ethics committee, protocol №15 16.10.2018.

3.7. Pharmacokinetics {#sec3dot7-molecules-24-01879}
---------------------

The pharmacokinetic parameters of lysostaphin and Lst-HDD were estimated after single bolus intravenous injections in rats. Two groups of female Wistar rats (*n* = 4 per group) weighing \~300 g received bolus injection of 0.5 mg of lysostaphin or Lst-HDD in 0.5 mL saline in the tail vein. The blood was sampled from the tail vein at 25 min, 40 min, 1 h, 2 h, and 4 h time points in the group that received lysostaphin and 25 min, 40 min, 1 h, 2 h, 4 h, and 6 h time points in the group that received Lst-HDD. Plasma was separated from blood and stored at −80 °C until analysis. The residual concentration of lysostaphin and Lst-HDD in rat plasma was measured using sandwich ELISA. The 96-well plates (Costar 3590, Corning, Corning, NY, USA) were coated with rabbit lysostaphin antiserum diluted 1/500 in the carbonate-bicarbonate buffer, pH 9.7 overnight at +4 °C. After coating, the plate was washed twice with TBS with 0.05% Tween-20 (TBST) and blocked with 1% BSA in TBS for 3 h at 37 °C. After blocking, the plate was washed twice with TBST and plasma samples diluted 1/120 (lysostaphin) or 1/100 (Lst-HDD) in TBS, along with spiked calibration samples in the same matrix were added. The plate was incubated with plasma samples overnight at +4 °C. After that, the plate was washed twice with TBST, the ascitic fluid containing 2F9 monoclonal antibodies diluted 1/300 in TBST with 1% BSA was added and the plate was incubated overnight at +4 °C. The plate was then washed four times with TBST and HRP-conjugated secondary anti-mouse antibodies (IMTEK, Moscow, Russia) diluted in TBST with 1% BSA was added. The plate was incubated for 3 h at +37 °C, washed four times with TBST, the TMB substrate was added and the plate was incubated for 25 min at +37 °C. An equal volume of 2 M sulfuric acid was added to quench the reaction and the optical density was measured at 450 nm using an iMark microplate reader.

Terminal half-life and area under the curve (AUC) were calculated according to the non-compartmental approach as described in \[[@B40-molecules-24-01879]\]. To calculate the terminal half-life of lysostaphin, data from the four last time points corresponding to the linear portion of the curve in log-linear coordinates were used. To calculate the terminal half-life of Lst-HDD, data from the three last time points were used. To determine the AUC, the concentrations were extrapolated to zero level using the calculated half-lives, and AUC was calculated by trapezoid rule starting from the first time-point.

To calculate the theoretical concentration of proteins in rat plasma after the injection, the average rat blood volume of 64 mL/kg \[[@B41-molecules-24-01879]\] was used, and plasma was taken to amount \~50% of blood by volume.

The experiment was approved by N.F. Gamaleya Research Center biomedical ethics committee, protocol №15 16.10.2018.

3.8. Statistical Analysis {#sec3dot8-molecules-24-01879}
-------------------------

All results are presented as mean ± standard deviation. The statistical significance of the differences in the terminal half-lives and AUCs was determined by two-tailed Student's *t*-test with unequal variances using Real Statistics Resource Pack add-on for Microsoft Excel (Release 4.7, copyright (2013--2017) Charles Zaiontz, [www.real-statistics.com](www.real-statistics.com)).

4. Conclusions {#sec4-molecules-24-01879}
==============

In the present study, we constructed a non-covalently dimerized version of antibacterial lysin lysostaphin and tested the influence of dimerization on its activity and pharmacokinetics. Unlike previously reported Cpl-1 dimer, lysostaphin dimerization decreased its bacteriolytic activity. We speculate that it might be caused by the 'one-use' property of lysostaphin and faster depletion of free active dimer due to its tighter binding to the cell wall debris of lysed bacterial cells. The plasma terminal half-life of dimerized lysostaphin increased two-fold, while AUC increased three-fold. This is in line with the results obtained with Cpl-1, although the magnitude of the effect is much smaller in our case. Thus, although dimerization turned out to be beneficial for the pharmacokinetic characteristics of lysostaphin, this strategy of increasing plasma half-life is not universal for antibacterial lysins, as it can decrease the bacteriolytic activity. The difference in the effect of the dimerization on the bacteriolytic activity of lysostaphin and Cpl-1 may be explained by natural dimerization propensity of Cpl-1, while lysostaphin normally exists in monomeric form. The main limitation of this study is the inability to demonstrate the mechanism responsible for the increase in the half-life and AUC of Lst-HDD. Presumably, the slower elimination results from the increased molecular weight due to dimerization. However, the simultaneous increase in the net positive charge and possible non-specific interactions of the dimerization domain with endogenous proteins may influence the clearance rate as well. The magnitude of such influences remains undefined. Nevertheless, to the best of our knowledge, this is the first study reporting the activity and pharmacokinetics of an antibacterial lysin dimerized through an additional domain.

**Sample Availability:** Samples pL330 and pL473 plasmids are available from the authors.
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AUC

Area under the curve

BCA

Bicinchoninic acid

BHI

Brain heart infusion

CFU

Colony forming units

DTT

Dithiothreitol

ELISA

Enzyme-linked immunosorbent assay

HRP

Horseradish peroxidase

IL-1

Interleukin 1

IPTG

Isopropyl thiogalactoside

MALDI

Matrix-assisted laser desorption/ionisation

MIC

Minimum inhibitory concentration

PEG

Polyethylene glycol

SEC

Size exclusion chromatography

TBS

Tris-buffered saline

TBST

Tris-buffered saline with 0.05% Tween 20

TMB

3,3′-5,5′-Tetramethylbenzidine

VEGF

Vascular endothelial growth factor

![3D model and amino acid sequence of Lst-HDD. (**A**) A theoretical model of Lst-HDD homodimer. Lysostaphin catalytic domain is colored green, lysostaphin peptidoglycan-binding domain is colored cyan, dimerization domain is colored blue and spacer is colored yellow. The model was constructed in PyMOL (Schrödinger LLC, USA) based on PDB entry 4LXC. (**B**) The amino acid sequence of Lst-HDD. The color scheme as in (**A**).](molecules-24-01879-g001){#molecules-24-01879-f001}

![SDS-PAGE and size exclusion chromatography (SEC) of Lst-HDD. (**A**) SDS-PAGE of purified lysostaphin (lane 1) and Lst-HDD (lane 2); lane M contains molecular weight standards with their molecular weights indicated on the left (**B**) SEC chromatogram of Lst-HDD. The inlet shows the molecular weight calibration of the column.](molecules-24-01879-g002){#molecules-24-01879-f002}

![Clearing of *S. aureus* ATCC 29,213 cell suspension due to different concentrations of lysostaphin (**A**) or Lst-HDD (**B**). Lysostaphin concentrations are 2 µg/mL (blue), 1 µg/mL (orange), 0.5 µg/mL (grey), 0.25 µg/mL (yellow), and control without lysostaphin (black); Lst-HDD concentrations are 12 µg/mL (blue), 6 µg/mL (orange), 3 µg/mL (grey), 1.5 µg/mL (yellow), 0.75 µg/mL (light blue), 0.38 µg/mL (green), and control without Lst-HDD (black). The mean values of *n* = 3 (lysostaphin) or *n* = 2 (Lst-HDD) experiments are shown, error bars represent standard deviation.](molecules-24-01879-g003){#molecules-24-01879-f003}

![Residual concentrations of lysostaphin (blue, circles) and Lst-HDD (orange, triangles) in rat plasma. The mean values over *n* = 4 rats are shown, error bars represent standard deviation.](molecules-24-01879-g004){#molecules-24-01879-f004}
